ZSM-5 zeolites attract considerable attention owing to their wide range of applications in catalysis and separation. The crystals that are synthesized with tetrapropylammonium ions (TPA + ) as the template show aluminum-zoning, i.e. aluminum being concentrated in the rim part of the crystal. Here, we study the aluminum distribution within individual crystals as a function of synthesis time and find that the degree of aluminum-zoning evolves. Crystals with inhomogeneous aluminum distribution persist since their emergence from the early stages of hydrothermal treatment. The degree of aluminum-zoning in the crystals increases with the synthesis time, accompanied by an increase in the crystal size and subsequently the formation of a well-defined crystal morphology. This indicates a gradual aluminum migration toward the crystal surface during the course of crystallization. Moreover, the addition of high-aluminumcontaining species to the existing crystals preferentially takes place at the late stages of synthesis, which contributes to the inhomogeneous aluminum distribution within a crystal. As a result, the finally formed crystals have not only the largest crystal size but also the highest degree of aluminum-zoning. The insight into the origin of aluminum-zoning that our work provides advances our understanding of the relationship between aluminum distribution in zeolites and the synthesis time to design better catalysts.
Introduction
Zeolites attract a lot of attention in heterogeneous catalysis due to their activity, stability, and high selectivity. 1, 2 Their catalytic performance is intimately related to the spatial distribution of catalytically active aluminum in zeolite crystals. The acid sites located on the outer surface have no steric constraints and thus are easily accessible to the reactant and/or product molecules. The distribution of aluminum over the zeolite crystals varies for different synthesis protocols and is also connected to the performance in mesopore development associated with base or acid etching. 3, 4 Therefore, understanding how to control the aluminum distribution is important from the view of application.
As a high-silica zeolite, ZSM-5 has attracted considerable attention owing to its wide range of applications in catalysis and separation. The phenomenon of aluminum-zoning is well-known for ZSM-5 crystals synthesized with tetrapropylammonium ions (TPA + ) as the template. The first report by Von Ballmoos and Meier claims that the rim of ZSM-5 crystals exhibits a higher aluminum content compared to the core part. 5 In the next four decades, this phenomenon has repeatedly been confirmed by surface/bulk compositional analysis, [6] [7] [8] base leaching experiments 3, [9] [10] [11] and catalytic tests 12, 13 over micron-sized ZSM-5 crystals. The 3D visualization of aluminum zoning over a single particle was also achieved by taking advantage of the sufficient resolution of synchrotron-based micro X-ray diffraction and atom probe tomography (APT). 14, 15 Recently, Bräuer et al. observed that with a decrease of silicon-to-aluminum ratios in ZSM-5 crystals, the fraction of the external Brønsted sites decreases, which indicates that the distribution of aluminum over a crystal varies with the framework aluminum content. 16, 17 By adopting different combinations of inorganic and organic structure-directing agents in ZSM-5 crystallization, Chawla et al. found different (homogenous and heterogeneous) aluminum distributions over crystals. 18 These results suggest that the distribution of aluminum over a crystal depends on multiple factors. However, to date only a few studies have intended to explore the origin of aluminum-zoning, especially from the view of the evolution of aluminum-zoning during the course of crystallization. Althoff et al. found that only by using TPA + as a template, aluminum-zoned crystals were produced. 19 They proposed that silicate species were firstly incorporated into the zeolite structure due to their interaction with TPA + . After forming a particle with high silicon content, the aluminosilicate species were post-added to the crystal surface, resulting in an extreme aluminum distribution ( Fig. 1a ). Based on the TPA + -templating synthesis, Jansen et al. observed a homogeneous aluminum distribution in the crystals after a short synthesis period, and a heterogeneous aluminum distribution with a longer reaction time. 20 Their results suggest another mode for the origin of aluminum-zoning: while the initially formed particles have a homogeneous aluminum distribution, with an increase of the synthesis time, the aluminum atoms gradually migrate to the surface of particles, leading to more localized aluminumenrichment in the rim of crystals ( Fig. 1b ).
In this report, we provide new insights into the origin of aluminum-zoning by employing focused ion beam (FIB), (scanning) transmission electron microscopy ((S)TEM) and energy dispersive X-ray spectroscopy (EDX). The aluminum distribution was explored based on ZSM-5 crystals of a few hundred nanometers in size. Such crystals can be analyzed by STEM-EDX with good resolution. Moreover, FIB milling can be performed on such particles to obtain the exact middle sections, enabling us to quantify the silicon-toaluminum ratios (SARs) of different parts of a crystal.
Experimental

Zeolite synthesis
Zeolites are synthesized according to our previous studies. 21 12 g of tetrapropylammonium hydroxide (TPAOH) solution (25 wt% in water) were added to a Teflon reactor containing 12.5 g tetraethyl orthosilicate (TEOS) and 77.4 g deionized water.
The mixture was then gradually heated to 80 1C and stirred for 24 h at 500 rpm. After cooling down to room temperature, a solution of sodium hydroxide (0.24 g), aluminum nitrate nonahydrate (0.46 g) and deionized water (4 g) was added dropwise to this mixture while stirring vigorously. The resulting zeolite precursor gel has a composition of 0.01Al 2 O 3 : 1SiO 2 : 0.25TPAOH : 0.05Na 2 O : 80H 2 O. After homogenization, the obtained precursor was transferred to a 100 mL stainless steel autoclave equipped with Teflon inlets and heated to 170 1C for different time intervals under static conditions. The resulting zeolites were separated by centrifugation for 15 min at 15 000 rpm, washed three times with deionized water, and dried at room temperature by nitrogen flow.
Zeolite leaching
Zeolite base leaching using NaOH solution (0.15 M, 35 mL g À1 zeolite) was carried out at 80 1C for 10 h. After leaching, the reaction was subsequently quenched in an ice/water bath, and the resulting solid product was separated by centrifugation (15 min, 15 000 rpm). The retrieved zeolites were washed three times with deionized water and dried overnight at 100 1C. Before leaching, all zeolites have been calcined for 10 h at 550 1C.
Characterization
Powder X-ray diffraction patterns were collected using a PANalytical X'Pert PRO MPD diffractometer equipped with a Cu Ka source at room temperature. TEM images were obtained with a Tecnai F30 microscope operated at 300 kV. HAADF-STEM and EDX measurements were carried out with a Hitachi HD-2700CS microscope or a Talos F200X both operated at 200 kV. Regarding the focus ion beam (FIB) milling, the zeolite sample was supported on a silicon wafer. Before milling, the sample was coated again with B1 mm carbon to protect the sample. The milling was done with a sequence decreasing milling current to avoid amorphization of the sample. The FIB-SEM investigation of the sample was done in the NVision 40 Station. The Si/Al ratio of the liquid was determined using a Varian SpectrAA 220FS atomic absorption spectrometer (AAS). Solid-state 27 Al MAS NMR was performed on a Bruker 400 UltraShield spectrometer operating at a resonance frequency of 104.29 MHz. The rotor was spun at 10 kHz and the spectra were recorded with a 4 mm MAS probe, with 3000 scans averaged for each spectrum. The chemical shifts were referenced to (NH 4 )Al(SO 4 ) 2 Á12H 2 O for aluminum. Solid-state 29 Si MAS NMR measurements were performed at a resonance frequency of 79.51 MHz. The rotor was spun at 10 kHz, with 3000 scans averaged for each spectrum.
Results and discussion
Crystal growth ZSM-5 crystals were synthesized from a mixture of tetraethyl orthosilicate, aluminum nitrate, sodium hydroxide, tetrapropylammonium hydroxide and deionized water at 170 1C. As a dilute gel system, the zeolite precursor solution contains amorphous nanoparticles and their self-assembled aggregates. Hydrothermal treatment induces the self-assembly of the constituent precursor species as well as the amorphous-to-crystalline transformation. 22 The sample after 45 min of hydrothermal treatment is amorphous as determined by X-ray diffraction (Fig. 2 ). This sample contains particles of sizes between 20 and 40 nm ( Fig. 3a and Fig. S1 , ESI †). Such particles should be the precursor nanoparticles (PNs) of the final crystals as they were gradually consumed over time. A longer hydrothermal treatment (52 min) leads to the appearance of large particles (LPs) of 200-300 nm surrounded by PNs ( Fig. 3c ). Meanwhile the sample shows characteristic MFI zeolite diffraction (Fig. 2) . Over time, the size of large particles increased accompanied by a decrease in the amount of PNs (Fig. 3e ). This is in line with the X-ray diffraction results showing that the hump attributed to the amorphous material disappears and the peaks indicating crystal growth around 2y = 241 evolve around between 45 min and 52 min (Fig. 2) . The large particles obtained after 1 h reach a size of 350-500 nm, showing a jagged rough surface (Fig. S2a, ESI †) . Crystals with regular protrusions whose directions were aligned in parallel were observed, indicating that oriented attachment of nanoparticles occurs. 23, 24 After 24 h, a decline in the surface irregularity is observed and most of the crystals exhibit a smooth surface ( Fig. 3g and Fig. S2b , ESI †). Considering that oligomers or monomers are smaller building units and usually attach to imperfect locations, their incorporation is also expected to occur in the present case to yield a more perfect crystal structure. 25, 26 The resulting crystals do not change much further in size, with the largest dimension falling in the range between 400 and 500 nm.
Crystal leaching
The process of desilication is affected by the local aluminum content. Base leaching of the zoned crystals leads to the dissolution of aluminum-poor parts of the crystal without creating mesopores in aluminum-rich parts. Thus, for samples with a high degree of aluminum zoning, hollow crystals with an empty core and an intact shell can be created. 27, 28 The pristine particles were leached under the mild conditions (0.15 M NaOH, 80 1C, 10 h). The pristine and leached samples are labelled as ''P_x'' and ''L_x'', where x stands for the period of hydrothermal synthesis. The right column in Fig. 3 shows typical TEM micrographs of the leached particles, and the overview images are shown in Fig. S3 (ESI †) . The morphology of PNs in L_45m does not change much compared to that in P_45m (Fig. 3b ). For L_52m, hollow crystals are sometimes observed but most of the large particles only contain mesopores in the core enclosed by a shell of about 15 nm thickness (Fig. 3d ). This observation suggests that aluminum-zoning exists already in this stage of synthesis, but that the aluminum distribution is less inhomogeneous within the particle. Hollow crystals with a rough surface were found in L_1h, indicating that the degree of aluminum-zoning increases with the synthesis time (Fig. 3f ). Base leaching of P_24h crystals leads to perfect hollow structures in L_24h (Fig. 3h ). The leached crystals possess an empty core and an intact shell of an average thickness of about 40 nm. The finally formed crystals possess not only the largest size but also the highest degree of aluminum-zoning compared to their intermediate analogues. The base leaching results seemingly indicate that aluminum tends to propagate outwardly along with the crystallization of ZSM-5. However, more direct evidence is provided in the following.
EDX elemental mapping
To further explore the difference in the degree of aluminumzoning of large particles, we probed aluminum distribution by direct EDX elemental mapping. A test of the sample P_45m indicates a homogeneous aluminum distribution among the precursor nanoparticles (Fig. S4, ESI †) . Then we compared the aluminum distribution of P_1h and P_24h by direct EDX elemental mapping of the areas containing several particles. Fig. 4 shows the high-angle annular dark field scanning transmission electron micrograph (HAADF-STEM), wherein the crystals can be discriminated by Z contrast. The EDX mapping of silicon shows a homogeneous distribution in both samples. Regarding aluminum distribution, the crystals of P_24h possess a more inhomogeneous aluminum distribution, where aluminum is clearly enriched in the outermost region. Although less clearly, the mappings also indicate a higher aluminum content in the rim of crystals P_1h. A test on the sample P_52m does not indicate an inhomogeneous aluminum distribution (Fig. S5, ESI †) , although the leaching result suggests that aluminum zoning has existed in this stage of synthesis (Fig. 3d ). This suggests that the sample ''P_52m'' shows aluminum zoning but the degree of zoning is lower compared to that in P_1h and P_24h.
Silicon to aluminium ratio (SAR)
To quantify the aluminum distribution better, we used focused ion beam (FIB) milling to isolate the middle section of a crystal by removing its front and rear ends. As depicted in Fig. 5a , the cross section of one large particle was prepared by gallium FIB milling. The front and rear ends were removed and only the middle cross section with a thickness of 200 nm was maintained and analyzed by STEM-EDX. Such a thickness is suitable considering the complete removal of the aluminum-rich areas in both the front and rear ends, meanwhile leaving a relatively thick lamella for EDX measurement. For the cross sections, mainly two areas were analyzed, including the central part and the rim part. The silicon-to-aluminum ratio (SAR) of different areas was obtained by quantifying the respective element signals. No standard material with a known Si/Al ratio was used for calibration and thus the calculated silicon-to-aluminum ratio (SAR) is used only for comparison. Fig. 5b displays the cross section of one large crystal in P_52m with the SAR value marked close to the analyzed areas. The contrast is due to the compositional difference between zeolite and coating species. Aluminum-zoning is observed for this crystal since its rim part has a lower SAR value. However, the difference between the center (SAR = 33) and the rim (SAR = 20) is not significant. In contrast to P_52m, the degree of aluminum-zoning is higher in P_24h (Fig. 5c ). The rim part of the cross section has the highest aluminum content (SAR = 12) while the center (SAR = 114) possesses very low aluminum contents. The Ga beam treatment is rather harsh and possibly deteriorates parts of the zeolite structure. Nonetheless, these observations of different degrees of aluminumzoning provide further direct evidence of aluminum migration to the surface with the synthesis time, which is consistent with the base leaching results.
To obtain the trend of the SAR change for all particles within the solid part, i.e. the precursor nanoparticles (PNs) and the large particles (LPs), EDX analysis was performed ( Table 1 and Fig. S6-S9 , ESI †). Compared to the large particles (SAR = 32-40), the precursor nanoparticles possess a higher aluminum content (SAR = 10-13). During synthesis, the precursor nanoparticles are gradually consumed by attaching them to the large particles (Fig. 2) . This not only leads to the continual size increase of large particles but also contributes to the enrichment of aluminum in the rim part of ZSM-5 zeolite crystals.
Aluminum incorporation
Aluminum-zoned crystals persisted since their appearance during the whole synthesis. To figure out why the initially formed crystals (P_52m) have aluminum-zoning, we measured the percentage of the aluminum and silicon content as function of synthesis time (Fig. 6 ). The synthesised gel was separated into solid and liquid parts by centrifugation. The liquid part was analyzed by elemental analysis. The initial zeolite precursor was a dilute gel system and about half of silicon was located in the liquid part. In contrast, aluminum was mostly enriched in the solid part and its content was below 5% during the whole synthesis. Once heated, the silicon content in the liquid decreased significantly within the first hour while the aluminum content in the liquid did not change much. The faster consumption of silicon compared to that of aluminum in the liquid part possibly hints at why the first observed crystals possess the feature of uneven aluminum distribution. Fig. 7 shows the 27 Al MAS NMR and 29 Si MAS NMR spectra of the samples. All the samples were measured under the same conditions. The signal at about 53 ppm is assigned to the framework tetrahedrally coordinated aluminum (Fig. 7a) . No octahedrally coordinated aluminum was observed in any of the samples. The peak was broad for the samples synthesized with a time less than one hour. With an increase of the synthesis time, the width of the peak decreased, which indicates that more aluminum atoms became framework tetrahedrally coordinated. Simultaneously, the resolution of the 29 Si MAS NMR spectra became better, indicating that more zeolite crystals were produced and their structure became more ordered. The incorporation of aluminum into the zeolite structure is also confirmed by the emergence of a signal at À106 ppm, which is assigned to Q 3 (Al-O-Si-[(OSi) 3 ]) in zeolite.
Conclusions
Overall, the formation of aluminum-zoning of ZSM-5 zeolites has two main reasons: (1) the gradual aluminum migration toward the crystal surface with the synthesis time and (2) the addition of high-aluminum-containing species to the crystal surface at the late stages of synthesis. The aluminum migration to the surface direction is possibly related to the instability of aluminum in the early-staged crystal framework. The structural reorganization (hydrolysis and rearrangement) in the alkaline liquid may result in the dissolution of unstable aluminum atoms and the subsequent recrystallization within the surface region. The delayed incorporation of high-aluminum-containing species is possibly caused by their preferential interaction of sodium ions. 19 However, a similar system containing tetrapropylammonium ions (TPA + ) and sodium ions resulted in crystals with a silicon-rich exterior and a more aluminous interior, indicative of the complexity regarding the priorities of aluminum incorporation. 18 Based on the previously proposed models ( Fig. 1a and b) , we suggest a refined model to define the origin of aluminum zoning (Fig. 1c ). Due to a quicker consumption of high-silicon-containing species at the early-stage of crystallization, the initially formed ZSM-5 crystals already have an inhomogeneous aluminum distribution, where the rim part has a higher aluminum content than the core part. With an increase of the synthesis time, aluminum migrates toward the crystal surface and the high-aluminum-containing species are gradually added to the existing crystals. As a result, the finally formed crystals have both the largest crystal size and the highest degree of aluminum-zoning.
